Increasing numbers of sense -antisense transcripts (SATs), which are transcribed from the same chromosomal location but in opposite directions, have been identified in various eukaryotic species, but the biological meanings of most SATs remain unclear. To improve understanding of natural sense -antisense transcription, we performed comparative expression profiling of SATs conserved among humans and mice. Using custom oligo-arrays loaded with probes that represented SATs with both protein-coding and non-protein-coding transcripts, we showed that 33% of the 291 conserved SATs displayed identical expression patterns in the two species. Among these SATs, expressional balance inversion of sense -antisense genes was mostly observed in testis at a tissue-specific manner. Northern analyses of the individual conserved SAT loci revealed that: (i) a smeary hybridization pattern was present in mice, but not in humans, and (2) small RNAs (about 60 to 80 nt) were detected from the exon-overlapping regions of SAT loci. In addition, further analyses showed marked alteration of sense -antisense expression balance throughout spermatogenesis in testis. These results suggest that conserved SAT loci are rich in potential regulatory roles that will help us understand this new class of transcripts underlying the mammalian genome.
INTRODUCTION
The latest breakthroughs in the field of mammalian genomic and transcriptomic analysis have started to shed light on a new world of transcriptome complexity. Genomic regions that were previously considered to contain 'junk DNA' with no transcriptional activity are now known to be transcribed throughout the genome (1), yielding multitudes of new-class RNAs, including sense -antisense transcripts (SATs).
SATs are pairs of endogenously encoded transcripts that are transcribed from both strands of the DNA and are capable of forming sequences complementary to each other (2) . SATs can be derived from both protein-coding genes and non-protein-coding genes, including exonic, intronic and intergenic sequences (3, 4) .
Increasing numbers of SATs have been identified in various eukaryotic organisms, including humans (3, 5, 6) , mice (4, 5, 7) , rats and chickens (8) , flies (9) , nematodes (8) , rice (10), Arabidopsis (11, 12) and yeast (13) . These overlapping transcripts are estimated to cover from 5 to 29% of the whole transcript in animals, and from 7 to 30% in plants. Overall, the results of these studies confirm that SATs are phenomena that are frequently observable in the animal, plant and fungal kingdoms.
The finding that numerous SAT loci are harbored within the eukaryotic genome had led to further questions about the functional role of SATs. Studies performed in various organisms have suggested that SATs can participate in a broad range of regulatory events (14) . For example, SAT coexpressed within a cell can lead to various kinds of antisense regulation (2) , such as RNA masking (15) , RNA editing (16 -18) and RNA interference (RNAi) (19) . Current reports have revealed that SATs have the potential to become RNAi targets in Caenorhabditis elegans (20) , Schizosaccharomyces pombe (21) and Arabidopsis thaliana (22) , indicating that mammalian SATs may also play a role in the RNAi pathway. SATs are also linked to monoallelic gene expression through mechanisms that include genomic imprinting (23) , X-chromosome inactivation (24) and DNA methylation (25, 26) . However, quantities of experimentally validated pairs are still limited and vast numbers of unannotated SATs await the revelation of their cellular roles.
Cross-species comparative analysis of large-scale data on, for example, nucleotide sequences, genomic structure and gene expression is considered to be an effective approach to enriching our knowledge of the functionally important elements (27) . Although several SAT comparative analyses that have used bioinformatics approaches have been published in the literature (5, 28, 29) , no groups have taken large-scale expression profiling and experimental validation further to cover individual conserved SATs. Here, we implemented a comparative analysis of SAT pairs that especially encompassed human -mouse orthologous genes. We then performed microarray-based expression profiling and experimental validation of the selected SAT pairs. Through the results of expression analysis of mouse-and human-conserved SATs (cSATs), we demonstrate the novel characteristics of the transcription of evolutionarily conserved SAT loci at both the molecular and genome-wide levels, and we discuss the potential regulatory mechanisms involved.
RESULTS

Microarray analysis of human-and mouse-conserved SATs
For the comprehensive SAT expression profile, custom-made oligo DNA (60-mer) chips targeting 1948 pairs of SATs in mouse and 1486 pairs in human that consisted of the fulllength cDNA resources and NCBI RefSeq mRNA collection were used, including both pc (protein-coding) and npc (non-protein-coding) transcripts (Table 1) . In humans, the proportion of SAT pairs containing npc genes (pc/npc and npc/ npc) was smaller than in mice because a limited number of genes had been annotated as npc in the initial cDNA collection. Starting with these datasets, we found cSATs of which the genomic structure and nucleotide sequence were conserved (See Materials and Methods). By focusing on the conservation of exon-overlapping SATs, we hypothesized that our extraction would enrich the number of functionally important SATs. Therefore, we collected those that exhibited senseantisense overlapping in exonic regions in both the human and mouse genomes. Finally, 291 pairs of SATs were selected as cSAT candidates and obtained for further comparative analysis (Supplementary Material, Fig. S1 ).
We initially conducted a clustering analysis based on the expression ratios of sense and antisense gene pairs among cSATs. Microarray hybridization experiments were undertaken for four tissues and one fibroblast cell type (brain, heart, liver, testis and murine NIH3T3 or human HF19 cells) in both humans and mice. Target samples were prepared by oligo dT priming or a random priming method from each RNA sample (see Materials and Methods). Although there were some cSATs for which the expression ratios were comparatively similar among the tested samples in both species (Fig. 1Aa and Ba), others exhibited different patterns of expression balance ( Fig. 1Ac and Bc), and others possessed completely reversed expression ratios in humans and mice ( Fig. 1Ab and Bb). By the oligo dT priming method, 30% (87 pairs) of SATs had similar expression ratios among all tissues in both species; this value was 33% (96 pairs) by the random priming method. Notably, the number of similarly expressed cSATs was significantly higher than that of randomly paired pseudo-cSAT groups (P , 0.01; test for the mean) (Supplementary Material, Fig. S2 ). Since this outcome was observed only in exon-overlapping cSATs, and not in non-exon-overlapping conserved bidirectional gene pairs, our hypothesis-that conservation of not only nucleotide sequences but also exon-overlapping genomic structure may enrich functionally crucial features-is reasonable for detailed human -mouse comparative studies. Most of the pairs that exhibited similar expression patterns represented invariable intensity ratios between sense and antisense genes, but nine pairs showed expression ratio turnover specific to a single tissue by the oligo dT priming method; the number was six pairs by the random priming method. Notably, six of the nine pairs by the oligo dT priming method, followed by two of the six pairs by the random priming method, exhibited complete alteration of expression balance, specifically in the testis. In addition, 54 pairs showed completely reversed expression ratios between human and mouse by the oligo dT priming method, and 67 pairs by the random priming method ( Fig. 1Ab and Bb). Remnant cSATs exhibited dissimilar expression patterns; there were 150 of these pairs by the oligo dT priming method and 128 pairs by the random priming method ( Fig. 1Ac and Bc). The microarray platform obtained for mouse was constructed in our previous study (30) . Both platforms were loaded with three types of SAT groups on the basis of protein-coding potential and gene annotation (44) : the three types were pc (protein-coding)/pc pairs, pc/npc (non-protein-coding) pairs and npc/npc pairs. Although microarray experiments are powerful tools for overviewing the expression properties of genes in particular tissues and cell types, they are limited to detailed analysis of the transcriptional states of individual genes. To explore in detail the features of individual cSAT transcription by northern and in-situ hybridization analyses, we selected three cSAT pairs (cSAT-025, cSAT-042 and cSAT-177) that included non-protein-coding-like transcripts on one strand and similar genomic overlapping between the two species (Fig. 1) .
Northern hybridization analysis of selected cSATs
We first carried out an expression analysis of the cSAT named cSAT-042. In the mouse, this cSAT contains a gene-encoding hypothetical serine-rich region containing protein (AK012036) in the plus strand and an unannotated EST (AK039347) in the minus strand ( Fig. 2A) . The corresponding cSAT in the human genome is composed of an unannotated EST (AK025621) in the plus strand and an unnamed protein coding gene (AK027898) in the minus strand (Fig. 2B) . Both SATs are oriented in a head-to-head overlapping structure. The AK012036 gene encodes an ORF of 483 nt and has high sequence similarity to the AK027898 gene, suggesting that these two transcripts produce an orthologous protein (tblastx identity ¼ 72.89%). On the other hand, the antisensetranscribed unit against these protein-coding genes presumably lacks protein-coding potential in both species. Microarray experiments detected expression signals at varying levels for AK012036, AK039347 and AK027898, but not for the non-protein-coding-like transcript AK025621 in humans (Supplementary Material, Fig. S3A -D) .
Northern hybridization of AK012036 produced no specific band patterns-only a smear-in the case of total RNA, whereas several specific bands were detected with poly(A) þ RNAs (Fig. 2C) . Smear patterns were also observed for AK039347 in both RNA types, which is the antisense tran- Figure 1 . Clustering analysis of the expression balance between the sense and antisense genes from cSATs in five types of sample. Heatmaps of the expression ratios of sense and antisense genes from cSAT pairs across four tissues and one fibroblast cell type (brain, heart, liver, testis and murine NIH3T3 cells or human HF19 cells) in the mouse (left columns) and human (right columns). (A) reflects the microarray data obtained by the oligo dT priming method, whereas (B) are data from the random priming method. When the sense gene expression is three times that of the antisense gene expression, the color shifts to red. In the opposite situation, the color is green. cSATs for which the expression ratios of the antisense and sense genes are comparatively similar among the tested samples in both species are grouped in (a). cSATs in which the two genes of the pair possess completely reversed expression ratios between human and mouse are shown in (b), and those that have neither of the above two patterns are shown in (c). Note that the direction of the human SAT genes are unified based on the published mouse genome sequence. Experimentally examined cSATs (cSAT-025, cSAT-042 and cSAT-177) are enclosed in yellow boxes. cSATs with the expression ratio turnover specific to a single tissue are marked in asterisk.
scribed gene (Fig. 2D ). Northern hybridization of human AK027898, a possible ortholog of mouse AK012036, gave several specifically hybridized bands in poly(A) þ RNA samples; in the case of total RNA, a smear was detected below the 18S ribosomal RNA band. The human non-protein-coding-like transcript AK025621 had no smeary hybridization patterns, unlike in the mouse cSAT ( Although both expression analyses results seemed to contradict with the expression of AK025621, it is necessary to keep in mind that the probe sequences used in the northern and microarray analyses were different. The microarray probes were constructed as one 60-mer probe per gene, whereas the probes used in the northern analysis used full-length or several hundreds nucleotides of the transcript. Thus, differences between the expression profiles may have occurred between the two analytical results because of differences in probe length and position. Overall, human cSAT-042 tended to have fewer smear patterns and the specific bands were also detected in the non-protein-coding-like transcripts. Interestingly, a similar phenomenon was observed with cSAT-025 
Gene-expression properties of SAT and non-SAT loci
As we had previously reported that the majority of mouse SATs tended to be poly(A)
2 (30), we hypothesized that the abundance of poly(A) þ and poly(A) 2 RNAs originating from mouse and human SAT loci might differ, since the cSATs exhibited northern smearing patterns that differed between the two species. We used the oligo dT and random priming methods to compare the expression profiles of SAT (1948 pairs in the mice and 1561 pairs in humans) and non-SAT (4223 in mice and 2271 in humans) genes obtained from five tissues and cell types. We expected that human SATs acquired by the random priming method would show results different from those of mice if the majority of the human SATs were abundant in poly(A) þ RNAs. As expected, on microarray analysis the average signal intensity for mouse SATs by the random priming method was higher than that by the oligo dT priming method (Fig. 3A) . In contrast, for human SATs, the oligo dT priming method gave higher signals than did the random priming method (P , 0.05; Welch two sample t-test) (Fig. 3B) . These trends were observed in non-SAT genes of mouse and human, implying that human SAT transcripts generally resemble non-SAT mouse genes rather than mouse SAT genes.
Small RNA molecules generated from SAT loci During northern hybridization, we frequently detected bands on the lower part of the gels in both mice and humans; these were presumably small processed RNAs. (The detected bands are indicated by narrow black arrows in Fig. 2 , Supplementary Material, Figs S4 and S6.) To further examine the transcriptional landscape originating from the sense -antisense overlapping region, we performed northern analysis with single-stranded oligo DNA probes derived from the exon-overlapping regions of cSAT-025 (Fig. 4A) . cSAT-025 consists of transcript encoding a DENN-domain-containing protein (mouse: AK050033, official symbol: Denn2d; human: NM_024901, official symbol: DENN2D) and a probable non-protein-coding transcript (mouse: AK080971, human: AK057181), located in a head-to-head overlapping manner (Supplementary Material, Fig. S4A and B) . In all tested samples, northern hybridization of the murine AK050033 gene detected large amounts of small RNAs that Fig. S4C ), because these bands faded during another trial of northern hybridization using probes that removed the corresponding repetitive region (data not shown).
In the northern analysis with single-stranded oligo DNA probes, the probes at position no. 3 in the sense strand (S3) and position no. 2 in the antisense strand (AS2) detected small RNA molecules of less than 100 nt (Fig. 4B) . In addition, weaker bands of a similar size were also detected by probes at positions no. 4 and 5 in the antisense strand (AS4 and AS5, respectively; Fig. 4B ). More accurately, the lengths of these small RNA molecules were defined as around 80 nt (S3) and 60 nt (AS2), from the results of polyacrylamide gel electrophoresis (Fig. 4C and D) . The results indicate that small RNA molecules of distinct size were processed from both strands of the SAT loci. Because the probe sequences were confirmed to be specific to the cSAT-025 loci, the small RNA molecules detected may not be repetitive elements of the mouse genome.
S3 seems to be located within an intronic region of the sense transcript AK050033 (Fig. 4A ), but UCSC Genome Browser (31), on an mm8 assembly, showed the presence of an EST (Accession ID: BY708215) that was oriented in the sense strand and covered the entire region of the probe sequence. Therefore, a novel alternative isoform with an exonic region overlapping in S3 may exist at this locus, which may have originated specifically in the NIH3T3 cell line.
Dynamics of cSAT expression in spermatogenesis
The third cSAT, which we named cSAT-177, comprises a gene specifically expressed in the testis, glyceraldehyde-3-phosphate dehydrogenase spermatogenic (mouse: NM_008085, official symbol: Gapdhs; human: NM_014364, official symbol: GAPDHS) and a hypothetical protein-coding transcript (mouse: AK049951; human: AK092032) in a tail-to-tail overlapping structure (Supplementary Material, Fig. S6A and B) . According to the cDNA mapping data, whereas murine AK049951 is formed in multiple exons, human AK092032 exists as a single exon. Microarray analysis exposed adequate expression of AK049951, NM_008085 and NM_014364, but not of AK092032, which is the antisense counterpart of the glyceraldehyde-3-phosphate dehydrogenase spermatogenic gene in human (Supplementary Material, Fig. S7A -D) . As in the case of cSAT-024, poly (A)
2 RNA seemed to be abundant only in the mouse AK049951 gene, as shown by the higher signal intensity by the random priming method than by the oligo dT priming method. (Supplementary Material, Fig. S7A and B) .
As previously described, our microarray experiments indicated that most of the between-species reversals of sense-antisense expression ratios of cSATs in a single tissue occurred in the testis (Fig. 1A) . We speculated that this trend might reflect the dynamic development underlying this tissue, i.e. spermatogenesis. To disclose the status of senseantisense gene expression in the testis, we performed in-situ hybridization analysis of testis samples, targeting mouse cSAT-177, which showed a reversed expression balance of AK049951 and NM_008085 specific to the testis from the microarray data analysis (Supplementary Material, Fig. S7A and B). The AK049951 gene was detected around the outsides of the seminiferous tubules, in the germ cells that function in the early stages of spermatogenesis (Fig. 5A) . In contrast, the NM_008085 gene was detected in the insides of the seminiferous tubules, in the germ cells that play a role in the late stages of spermatogenesis (Fig. 5B) . This observation was confirmed by microarray experiments obtained from three fractionated testis samples (pachytene spermatocyte, round spermatid and elongated spermatid) (Fig. 5C ). The data (random priming method) well reflected the in situ hybridization results; AK049951 and NM_008085 were reciprocally expressed in accordance with the germ cell differentiation from pre-sperm cells to mature sperm.
DISCUSSION
Constructed microarray platform for SAT expression in both mouse and human provides an important resource for comparative expression analysis of SATs. By using microarray datasets from mouse and human SATs, we successfully obtained cSATs with similar expression ratios between the two species. Interestingly, while exon-overlapping cSATs showed a higher probability of being similarly expressed than random shuffled pairs, non-exon-overlapping bidirectional gene pairs that were conserved in the two species did not show this phenomenon, suggesting that the expression of exon-overlapping cSAT pairs is mutually controlled, rather than being the result of mere transcriptional noise. One previous large-scale transcriptome analysis found that mammalian SATs had a higher probability of being coordinately expressed compared with random transcript pairs (4,5,7). However, because this and other similar analyses were performed with public expression data that lack non-protein-coding genes, the expressional properties of the genes involved in SATs were largely unknown. Some of the cSATs with similar expressional properties are formed in pc/npc pairs or nc/nc pairs, suggesting that the expression of non-protein-coding genes may be controlled for further antisense regulation.
Our further investigations of individual mouse and human cSATs also disclosed SAT characteristics that differed between the two species. Among the three randomly chosen cSAT pairs, all results correspond to those of previous studies (25, 30, 32, 33) . It is not clear how the human tissue samples and total RNAs that we used were prepared, because RNA samples from the brain, heart, liver and testis were purchased from a commercial company. However, this specific pattern of expression is independent of whether or not the RNA samples were purchased, since no hybridization smearing was apparent in the testing of human cultured cell lines (HUC-Fm and HepG2) (data not shown). In addition, the mean signals of human SAT genes in microarray profiling were dissimilar to those of the mouse SAT genes (Fig. 3) . The distinct nature of the expression patterns in humans and mice has also been argued by the systematic search and northern analysis of conserved non-protein-coding transcripts (34) . Taken together, we suggest that the regulation and/or turnover of transcripts from many SAT loci occur in a species-specific manner in spite of their cross-species conservation.
Because of the potential for generating natural dsRNA, the relationship between RNAi and SATs has been of great interest to researchers. In fission yeast, transcripts derived from the centromeric repeat sequences are used to form dsRNA to activate RNAi for gene regulation (21) . Thus, as we detected possible processed small RNAs from the probe containing a repetitive region (Supplementary Material, Fig. S4C) , it may be possible that the repeat sequence was somehow processed for generating small RNAs. We also detected small RNAs of approximately 80 nt and 60 nt during northern analysis of the cSAT-025 pairs derived from the regions capable of producing dsRNA (Fig. 4B -D) . We implemented similar northern analyses of cSAT-042 pairs; they also displayed multiplesized band patterns, including small RNA bands, ranging 
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from about 0.3 to 4 kb in length, at the exonic overlapping regions (data not shown). Additionally, northern analysis performed with fractionated cytoplasmic and nuclear RNAs revealed that these small RNA molecules were exclusively detectable in the cytoplasm but not in the nucleus (data not shown). We also have previously observed small RNAs associated with the SAT loci, specifically in the mouse (30) , suggesting that the presence of small RNAs originating from the SAT loci may be a common phenomenon. Interestingly, a recent systematic genome-wide study highlighted large amounts of steady-state short RNAs (,200 nt) enriched in the mammalian genome (35) . Short RNAs were reported to be enriched in the synthetically conserved sequences of humans and mice, with more frequent appearances among genes than in the intergenic regions, suggesting that the small RNAs originating from the cSAT loci may be related to these unannotated RNAs. In our preliminary result, small RNA that was observed in Fig. 4D was also detected on the northern blot with the Dicer-deficient mouse ES cells (36) suggesting that these size of small RNAs (approximately 60 to 80 nt) may be generated through the Dicer-independent pathway. The RNA expression pattern resulting from in situ hybridization of the cSAT-177 pair in the mouse testis reflects the fact that the dynamic reactions of spermatogenesis are occurring continuously in this tissue. Interestingly, the microarray data obtained from the testicular fraction revealed a reversal of the SAT expression ratio as the differentiation of sperm cells proceeded. Because there may be a need for rapid gene regulation during spermatogenesis, regulation within the RNA level may be more beneficial than in the protein level, since it can save more time and energy within the cell. In total, in our dataset, 16 mouse cSAT pairs from oligo dT priming and 33 pairs from random priming displayed reversed expression ratios during spermatogenesis (Supplementary  Material, Tables S2 and S3 ). This observation of an inverted expression pattern among sense and antisense genes is reminiscent of two models of antisense gene regulation, namely transcriptional interference and RNAi, where one gene regulates another antisense counterpart (14, 22) . Although further detailed analyses are required to characterize their detailed molecular function, our data suggests that antisense-mediated gene regulation might occur in spermatogenesis in the case of cSAT-177 and many other cSATs.
The overall expression profiles of cSATs appear to represent various characteristics in terms of the biological functions that the transcripts may possess. Further functional analyses are needed to give us an understanding of these biological functions, but the evolutionarily conserved SATs are positively enriched with new features that will help to reveal the underlying functions of these transcripts in the mammalian genome.
MATERIALS AND METHODS
Procedures for mapping cDNA sequences to the corresponding genomes
Data from the mapping of all FANTOM2 (http://fantom.gsc. riken.jp/) and NCBI RefSeq (http://www.ncbi.nih.gov/RefSeq) sequences to the mouse genome (MGSCv3 (37)), including list of SAT pairs, were collected from the results of our earlier research (4) .
Human full-length cDNA resources were downloaded from H-invitational (http://www.jbirc.aist.go.jp) and NCBI RefSeq (http://www.ncbi.nih.gov/RefSeq). Human genome sequences (hg17) were obtained from the UCSC Genome Bioinformatics site (http://hgdownload.cse.ucsc.edu/downloads.html).
cDNA and mRNA sequences were scanned against human genome sequences by using the BLAT (38) and SIM4 (39) programs. A BLAT search was initially conducted to align the whole cDNA and mRNA sequences onto the whole-genome sequence. When the same cDNAs or mRNAs were aligned to multiple areas of the genome, those that were mapped to the longest region on the genome sequence were selected for analysis. The SIM4 program was used to further realign the matched sequences in accordance with their exon-intron splicing junctions with the corresponding genome sequences. During this process, the intron boundary consensus sequence (GT/AG) for every aligned transcript with multiple exons was examined, selecting only cDNAs or mRNAs that possessed the GT/AG consensus. Regions aligned with at least 90% identity, along with their transcript sequence coverage, were defined as the origins of the transcripts' corresponding genomic regions.
Genome-wide screening of human SAT pairs
In accordance with their genomic positions, all transcripts that were successfully aligned previously to the same genomic loci were compiled into sets of individual transcriptional clusters on the basis of sense and antisense strands. Using this information, we screened out those that overlapped with another transcription cluster positioned on the opposite side of the genome strand. We classified each pair of overlapping transcription clusters observed into exon-overlapping sense -antisense pairs and non-exon-overlapping bidirectional pairs, in which the two transcripts did not overlap but were derived from the same genomic locus. From each group of bidirectional pairs extracted, we selected pairs of representative transcripts with the longest transcription length. In total, 2519 human gene pairs were extracted as bidirectional gene pairs; they were further classified into 1486 exon-overlapping pairs and 1033 non-exon-overlapping pairs.
Custom oligo-array data in mice and humans
The mouse DNA microarray experiment protocols used in our previous research were followed (30) . The RNA samples used for the mouse oligo-array experiments came from the brain, NIH3T3 cells (fibroblast cell line), liver, heart and testis. RNA from mouse tissue (C57BL/6J, 8 to 10 weeks, male and female mixed) and mouse fibroblast line NIH3T3 was isolated by using Trizol reagent (Invitrogen). The mouse custom oligo DNA microarray chip (microarray format: 11K) contained 3896 probes that represented genes in 1948 exon-overlapping SAT pairs and had been loaded on our previous 8.5 K microarray platform (30) ; 1114 probes for genes in 557 non-exon-overlapping bidirectional gene pairs; 4223 probes that corresponded to non-SAT genes; and other Human Molecular Genetics, 2008, Vol. 17, No. 11 1637
probes that were unrelated to the SAT analysis. The total mean signal on the mouse chip in each hybridization experiment was adjusted with SL10 cells (fibroblast cell line), which were not used for any other purpose in this study. The sequences of 60-mer DNA specific to the human sense and antisense genes were chosen by Agilent Technologies, and the Agilent custom oligo DNA microarray chips were manufactured by using this information. RNA was labeled and hybridized by using Fluorescent Direct Label Kits (oligo dT primed labeling) (Agilent Technologies), in accordance with the manufacturer's protocols. For labeling with random nanomers, we used the CyScribe First-Strand cDNA Labeling Kit (Amersham). The RNA samples used for microarray experiments came from human brain, heart, liver, testis and HF19 cells (fibroblast cell line). The total brain, heart and testis RNAs used in the array experiments were purchased from Ambion. Total RNAs were isolated from the fibroblast cells by using Trizol reagent (Invitrogen). The same total RNA samples were labeled with single color Cy3, hybridized to the oligo DNA on the chip and dye-normalized; the processed signals were obtained by using Feature Extraction software (Agilent Technologies). The custom oligo DNA microarray chip (microarray format: 11 K) contained 2793 probes for 1486 pairs of exon-overlapping SATs; 1816 probes for genes in 1033 non-exon-overlapping bidirectional gene pairs; 2271 probes that represented non-SAT genes; and other probes unrelated to the SAT analysis. The data on all genes on the chip were used to enable the Feature Extraction software to produce the processed signals. For further analysis, the Cy3-labeled processed signal was used as the processed signal from the expression of a particular gene. The total mean signal on the human chip in each hybridization experiment was adjusted to that from the brain sample (oligo dT priming), so that the relative differences in gene expression could be compared among cell lines and tissues. The raw data from the array experiments were deposited in the Gene Expression Omnibus (GEO) at the National Center for Biotechnology Information (NCBI) under the accession number GSE9581 (http://www.ncbi.nlm.nih.gov/geo/). The genomic structure of each SATs and the expression data can be viewed from antisense viewer which is a java applet downloadable from the following url (http://www.brc.riken.jp/ archives/Kiyosawa/HMG08/).
Identification of cSATs
We used the following criteria to identify the cSAT pairs. First, we applied the mapping of 1948 pairs of mouse SATs to the human genome (hg17) by using BLAT. The alignment of those SAT genes with less than 80% sequence identity, along with those that were not marked as having the best alignment score, was discarded. Next, both SAT genes that were aligned to a certain human SAT locus were selected for further screening. In addition, since 21% (832/3896) of the mouse SAT dataset consisted of non-protein-coding transcripts, which were less well conserved than the coding sequences (4), we set up the rule that even if only one of the mouse SAT genes were successfully aligned to a human SAT locus, the other gene in the pair would also be eligible for further screening. Finally, the remaining SATs that passed the screening were further classified by their exon-overlapping pattern conservation, and those with conserved exon-overlap structures were defined as conserved SATs. The total numbers of cSATs and the procedures used are illustrated in Supplementary Material, Fig. S1 . Lists of cSATs are provided in Supplementary Material, Table S1 .
Microarray data analysis of cSATs
Expression signals for each cSAT pair obtained from mouse and human microarray data from five tissues or cells (brain, heart, liver, testis and fibroblast) were further categorized on the basis of the similarity of sense and antisense gene expression ratios among the two species (Fig. 1) . Since the mouse and human fibroblasts originated from different tissues (mouse: NIH3T3, human: HF19), we used the expression data from the four remaining tissues to determine the expression ratio similarity. The expression ratios of cSATs were clustered by using CLUSTER (40) , and the results were further visualized by using TREEVIEW (41) . Expression ratio similarity was judged from the coloring of the clustering results. For example, if the mouse and human cSATs both displayed a red coloring in a certain tissue, we determined the pairs to be similarly expressed candidates.
Northern hybridization
RNA from mouse tissue (C57BL/6J, 8 to 10 weeks, male and female mixed), the mouse fibroblast line NIH3T3 and the human fibroblast line HF19 was isolated by using Trizol reagent (Invitrogen). Human total and poly(A) þ RNA was purchased from Ambion. Northern analysis was performed as previously described (30) . Loading of equal amounts of RNA samples was confirmed by visualization of ethidium bromidestained RNA in the gel. For hybridization (32) , P-CTP-labeled strand-specific cRNA was prepared from the full-length mouse cDNA clones (purchased from K.K. DNAFORM, Japan). In the case of the human probes, cDNA fragments were cloned to pGEM-T Easy Vector (Promega), and strand-specific cRNA was prepared for hybridization (Supplementary Material, Table S4 ). The sequences of the synthetic oligo 30-40 mer DNA probes used for the sense gene AK050033 and antisense gene AK080971 (Fig. 4) are shown in Supplementary Material, Table S5 .
In situ hybridization
Probes that corresponded to the mouse cSAT-177 genes were amplified by PCR using the following primers: cSAT-177 sense gene (AK049951), 5 0 -CCACCCCTTCTCCACTACT CT-3 0 (nt 2593 to 2847) and 5 0 -GGAACACCCAGCGTCA CTTTG-3 0 (reverse complement to nt 2847 to 2593); cSAT-177 antisense gene (NM_008085), 5 0 -TGGAGAAGG GCATTAGGGTGG-3 0 (nt 2374 to 2641) and 5 0 -GAAA TATGTGCCGAAGCTGCC-3 0 (reverse complement to nt 2641 to 2374). Probes (cRNA) labeled with digoxigenin (DIG) were hybridized to the testis tissue sections, and this procedure was followed by treatment with anti-DIG alkaline phosphatase-conjugated antibodies and visualization by BCIP/NBT.
1638
Human Molecular Genetics, 2008, Vol. 17, No. 11
